ABSTRACT. Bone mineral content was measured by dualenergy x-ray absorptiometry in the lumbar spine at the L2-L4 level with a Lunar DPX densitometer model in 471 healthy white Mediterranean Spanish children and adolescents (256 boys and 215 girls) randomly selected from the urban area of Barcelona. Ages ranged from 3 mo to 21 y. Weight, height, and pubertal development were in the normal age distribution. Bone mineral content values were corrected by the vertebral surface area scanned and expressed as bone mineral density (BMD) values. BMD increased progressively from infancy to adulthood, and values were similar in both sexes, with the only differences related to the earlier onset of puberty in girls. A statistically significant correlation (p < 0.001) was found between BMD values and age, height, and weight. BMD values increased annually, but the periods of higher increase were observed during the first 3 y of life and late puberty. A significant (p c 0.001) increase in BMD was observed between Tanner pubertal stages I11 and IV and between Tanner stage IV and adult values. Lumbar BMD values peaked in a similar way to growth height velocity during pubertal development. However, the BMD peak seemed to occur somewhat later than height velocity peak, particularly in girls. In conclusion, we report normative data for BMD values at the lumbar level in our normally growing pediatric population and show that the first 3 y of life and adolescence are critical periods for bone mineralization. These data provide a tool for the investigation and followup of pediatric populations at risk for low bone mineralization. (Pediatr Res 35: 362-366, 1994) Abbreviations BMC, bone mineral content (g hydroxyapatite) BMD, bone mineral density (g hydroxyapatite/cm2) Skeletal growth and mineralization develop through infancy, childhood, puberty, and adolescence, and several nutritional and hormonal factors play a major role in this process (1-8). Maximum BMC is attained by the age of 2 1 y and decreases gradually after the age of 50, particularly in women (9). In addition, low BMC in adults is a risk factor for osteoporotic fractures later in life (10).
Thus, the first 2 1 y of life are crucial for skeletal mineralization, and knowledge of normal values of this process in the pediatric population is of paramount importance. Furthermore, these normal values may vary from one geographic area to another and be influenced by genetic, racial, and nutritional factors (2-4, 9, 11-15) .
In the last few years, several methods for measuring skeletal mineral content have become available, among which dualenergy x-ray absorptiometry is the least time consuming, most accurate, and most precise; it also is the safest because less radiation is absorbed (10) . It is thus the method of choice in pediatric population studies. T o date, only two studies of normal BMD values evaluated by dual-energy x-ray absorptiometry in the pediatric population have been published: one studied children l to 15 y old (16) , and the other studied children 1 to 19 y old (1 7).
The aims of this work were as follows: 1 ) to evaluate BMD of the lumbar spine (L2-L4) with dual-energy x-ray absorptiometry in a normally growing white Mediterranean Spanish pediatric population from the Barcelona area; 2) to relate these values to age, sex, weight, height, and pubertal status; and 3) to compare these values with those previously reported for other normal pediatric populations.
MATERIALS AND METHODS
Subjects. The population studied consisted of 471 healthy white Mediterranean Spanish children and adolescents (256 boys and 215 girls) randomly selected from the urban area of Barcelona. Ages ranged from 3 mo to 21 y (Table 1) . Weight and height were in the normal age distribution for our population. Pubertal status for genital stages in males and for breast development in females was assessed according to the criteria of Tanner (18) . All subjects were receiving a standard Mediterranean diet according to age. The study was approved by our ethics committee, and informed consent was obtained from either the parents or the subjects.
hfethods. Total BMC was measured by dual-energy x-ray absorptiometry in the lumbar spine at the L2-L4 level with a Lunar DPX-L densitometer model. This equipment has an xray source emitting photon beams of 38 keV and 70 keV (9) . Scanning time ranged from 3 to 8 min depending on the age of the child. The radiation dose at the skin level of the lumbar spine was less than 1 mrem, which represents a negligible gonadal dose (less than 0.25 mrem in boys and less than 0.5 mrem in girls).
Subjects were examined while they were in the supine decubitus position with partial elevation of the lower limbs to obtain optimum separation of the lumbar vertebrae, thus decreasing physiologic lordosis of this region. A special device was made to Measured in grams hydroxyapatite.
keep small, uncooperative children immobile. All the studies were performed with a constant pixel size of 1.2 x 1.2 mm. Bone edges and baseline determinations were operator-adjusted in children under 6 y of age. Lunar software programs (versions 3.4 and 3.5, Lunar Corp., Madison, WI) were used (9) . BMC values were corrected by the vertebral surface area scanned and expressed as BMD values. Values were grouped according to age and sex in I-y age groups. The mean and SD were calculated, and the correlation index with height and weight was established.
BMD values were also evaluated five times in five 17-y-old adolescents and three times in four 5-to 7-y-old children. The mean and SD of these values were obtained, and the variation coefficient was calculated for each age group.
Statistics. Simple and polynomial regressions were camed out between BMD and the other variables. Correlations among the different variables were studied by the Pearson test. Differences among mean pubertal BMD values at different Tanner stages were performed by t test. Table 1 shows lumbar L2-L4 BMC values for boys and girls according to age. BMC values progressively increase from infancy to adulthood, and mean values are similar in both sexes until the age of 9-10 y, as occurs with height. Thereafter, and corresponding to the more rapid height growth rate observed in girls because of earlier pubertal development, BMC values are higher in girls than in boys until the age of 14-15 y. In boys, an increase rate in BMC values during pubertal development is also observed. Furthermore, BMC values continue to increase in both sexes even after adult height is attained: 15-1 6 y of age in girls and 17-18 y in boys until the age of 2 1 y. Adult BMC values are higher in boys than in girls, as occurs with height. A statistically significant positive correlation ( p < 0.001) was found in both sexes between BMC values and age, height, and weight (data not shown). Table 1 and Figure 1 show lumbar BMD values for boys and girls according to age. Results are expressed as mean f I SD. A progressive increase in BMD occurs from infancy to adulthood.
RESULTS
Mean BMD values are similar at the same age in both sexes, with the only differences related to the earlier onset of puberty in girls. The value of I SD increases with age in a similar way in both sexes. However, if the value of 1 SD is expressed as a percentage of the value of the mean in each age group, for children older than 3 y it represents a constant value, which is on average 1 I % of the value of the mean. In children under 3 y of age, the value of 1 SD ranges from 15% to 2 1 % of the value of the mean and is higher during the 1st y of life (Table 1) . The best graphic representation of BMD values according to age corresponds to a 3rd-degree polynomial equation (y = 0.31 + 0.063 X -0.0008 X 2 -5.75 X 3). Table 2 shows BMD values according to pubertal development. A significant increase was observed during puberty, being higher between Tanner's stages 111 and IV. Figure 2 shows the annual increment in BMD values for boys and girls. These values increase annually from infancy to adulthood, with the periods of highest increase occumng in the first 3 y of life and late puberty. A slow rate increase was observed in the prepubertal period and from Tanner's stage IV to adulthood.
A statistically significant positive correlation was found between BMD values and age ( r = 0.92 in boys, and r = 0.94 in girls, p < 0.001), height ( r = 0.91 in boys, and r = 0.93 in girls, p < 0.001). and weight ( r = 0.92 in boys, and r = 0.93 in girls, p < 0.001). The coefficient of variation for BMD values was 1.6% and 0.8% for the child and adolescent groups, respectively.
DISCUSSION
The rate of bone turnover is known to be much more rapid in trabecular than in cortical bones. Furthermore, trabecular bone appears to be more sensitive to mineral changes than the cortical (19) . Thus, we studied changes in bone mineralization by dualenergy x-ray absorptiometry at the lumbar spine L2-L4 level, which is composed mainly of trabecular bone, and related these changes to age, sex, and pubertal development. Total bone mineral vertebral content not only depends on the amount of mineral deposits in bone matrix but also on vertebral size and consequently on the height of the subject studied. In growing pediatric populations, the best way to express changes in bone mineralization is to correct total BMC by the vertebral spine (L2-L4) in a normally growing pediatric population
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from infancy to volume. However, calculation of this volume is difficult and imprecise [although attempts to improve it are currently being made (20) l. For these reasons, total BMC values obtained in our normally growing pediatric population were corrected by the area surface scanned and expressed as BMD values because this method better reflected bone matrix mineralization changes in subjects with different heights. BMC values are similar in both sexes when heights are similar during the prepubertal growth period and differ when heights are different during pubertal growth and adult periods. However, BMD values only differ between boys and girls in relationship to the earlier onset of puberty in girls, but BMD values do not differ between the sexes when these pubertal values are related to Tanner's developmental pubertal stages because these stages represent similar maturation periods in both sexes. These data show that in a pediatric growing population, BMC values are related more to height than BMD values and that BMD values may reflect better bone matrix mineralization than BMC values. Thus, BMD values permit better comparison of bone matrix mineralization changes from infancy to adulthood. Previously published studies of BMD values evaluated by dualenergy x-ray absorptiometry in children were performed with technical equipment different from that used by us. Furthermore, differences in lumbar BMD have been shown with different technical equipment, and equivalent conversion values are thus required (21) . In the present study we report normative data for BMD values evaluated by the Lunar DPX-L densitometer. In addition, none of the previously published series were as extensive as ours, and in one of these studies, only data up to the age of 15 y were reported ( 16, 17) .
In our normal pediatric population, BMD of the lumbar spine increases continuously from infancy to adulthood and is correlated with age, height, and weight. These data are in agreement with those previously reported using different methodologies (I 6, 17, 20-27) . The coefficient of variation of the values obtained with our method in adolescents is similar to that found in adults (9) and somewhat higher in children 5-7 y old. For ethical reasons, precision studies were not performed in infants and young children. However, in children older than 7 y, precision values may be assumed to be similar to those of adolescents because the value of 1 SD expressed as a percentage of the value of the mean is similar in all those I-y age groups. In children younger than 3 y, the value of 1 SD expressed as a percentage of the value of the mean is higher than in children older than 3 y. Low bone vertebral mineralization, together with the greatly increased mineralization rate (see below) and the small vertebral size observed during the first 3 y of life, may account for this difference. Studies that involved more children grouped in time periods of less than 1 y (e.g. 6-mo periods) would be required to establish the normal vertebral mineralization pattern in this population, as occurs in neonates (28, 29) .
The annual increment in BMD values is high during the first 3 y of life and decreases thereafter until puberty, as occurs with height growth velocity. During puberty an increase also occurs in BMD values, which peaks in late puberty, corresponding to Tanner's stage IV, and continues at a slow rate to adulthood. This peak seems to occur later than the growth velocity peak, particularly in girls (18) . These data are from a cross-sectional study, and data from longitudinal studies ofthe same population are required to clarify the relationship between the ages at which pubertal height growth and pubertal BMD peaks occur. Our data concur with those previously reported ( 16, 17, 20, 27) and show adolescence to be a critical period for bone mineralization in both sexes.
It has been shown recently that sex steroids have receptors and exert biologic effects on both epiphyseal cartilage cells (30) (31) (32) and bone cells (33, 34) and that these hormones play an important role in skeletal growth and mineralization. Our results show that the skeletal mineralization rate during puberty is related to the Tanner pubertal stages and suggest that low steroid levels of Tanner pubertal stages I1 and 111 may be involved more in promoting linear skeletal growth than in skeletal mineralization and that high steroid levels observed in Tanner stage IV and thereafter may be mainly involved in promoting skeletal mineralization.
In conclusion, lumbar BMD was studied by dual-energy x-ray absorptiometry in a normally growing white pediatric population from the Mediterranean area, and normal distribution values were established. BMD increases with age and is related to weight, height, and pubertal changes. These data provide an excellent tool for the earlier detection and follow-up of pediatric populations at risk for low bone mineralization and consequently for adult osteoporotic risk fractures. Our data also stress the importance of the first 3 y of life and adolescence as critical periods for bone mineralization.
